The rotary vibration of rigid friction pile can be seen approximately as a central symmetry plane problem in elasticity. The stress general solution of central symmetry plane problem in elasticity can be constructed by technique such as the Laurent expansion of the volume force. This solution has some decoupling, generalized, and convergent properties, and it can be used in stress analysis of the rotary vibration of pile. The analysis results show that the maximum value of displacement will not occur at the edge of the pile and the assumption that pile cross section remains unchanged is no longer applicable, if the value of one dimensionless quantity, reflecting the angular frequency of the rotation, radius, and material properties of the pile, is larger than 1.84. Once the rotary vibration of rigid friction pile happens, the pile may lose its bearing capacity under the comprehensive effect of normal and shear stress of the pile-soil interface and it will be very difficult to recover.
Introduction
The seismic response analysis of pile foundation is an important problem in foundation engineering. There is much research about the analysis of situation that pile foundation is under horizontal or vertical dynamic loading. But superstructure will also rotate under seismic action and that will have a great influence on pile foundation which is under abutments or slender transmission towers. For end bearing pile, since the bottom of the pile is fixed, the rotation of the superstructure will cause torsional vibrations of the pile; for rigid friction pile, such as concrete pipe pile, since the modulus of soil is far less than the modulus of the pile (the difference is about 3 orders of magnitude), the rotation of the superstructure will cause rotary vibrations of the whole pile.
For static torsion problem of a single pile, the solution has been found in principle since Saint-Venant problem in elastic mechanics had been solved [1] . There is also much valuable research even considering the effect of soil surrounding pile. Poulos [2] studied the static characteristics of elastic circular pile in Gibson foundation and homogeneous soil under torsional loading with finite difference method. Randolph [3] obtained the analytic expression of torsional stiffness of elastic circular pile in homogeneous soil and soil with its shear modulus changing with depth in the situation ignoring the stress in the soil surrounding the pile. Guo and Randolph [4] present analytical and numerical solutions for the torsional response of piles embedded in nonhomogeneous soil, where the shear modulus profile follows a simple power law with depth.
By comparison, the vibration problem of pile foundation under dynamic torsion load is hard to get analytical solution like static problem because of its complexity, but there is also some valuable research work. Novak and Sachs [5] applied plane strain soil model to study the vibration characteristics of embedded rigid foundation under dynamic torsional loading and derived an approximate analytical solution for torsional vibrations of footings partially embedded in a semiinfinite medium or a stratum. Rajapakse et al. [6, 7] studied the dynamic response of a long cylindrical elastic bar which is partially embedded in a homogeneous elastic half-space and is subjected to a harmonic lateral load or to a moment. Cai et al. [8] studied the response of a cylindrical elastic pile embedded in a homogeneous poroelastic medium and 2 Mathematical Problems in Engineering subjected to torsional loading. Wang et al. [9] developed an analytical solution to investigate the torsional vibration of an end bearing pile embedded in a homogeneous poroelastic medium and subjected to a time-harmonic torsional loading. Zhang [10] derived dynamic governing equations of transversely isotropic saturated soil in cylindrical coordinates on the basis of the dynamic equations of saturated soil and the stress-strain relationships of transversely isotropic medium.
It can be seen from the previous research that many scholars did a lot of work deeply in this field. But, on the one hand, the main objects of this previous research are the dynamic stiffness of pile and displacement response under dynamic loading, and the analysis of stress is rarely mentioned; on the other hand, the previous research is mainly about dynamic torsions of end bearing pile, and the study of the dynamic rotary problem of friction pile is very few. Therefore, this paper will try to analyze this problem. The main research is to carry on theoretical analysis by using analytical methods and to try to develop an approximate analytic solution of the stress distribution of central symmetry plane problem in elasticity. This solution can be used in calculating the stress distribution of friction pile which is under the rotary vibration, and then some advice about antiearthquake analysis will be given.
Stress General Solution of Central Symmetry Plane Problem in Elasticity
The rotary vibration of a pile can be taken as a particular case of central symmetry plane problem in elasticity. In this section, how to get the stress general solution for such a problem is discussed. The general solution theory is an important part in Mechanics of Elasticity, and there are some well known results such as Boussinesq-D1SёQKY [11] general solution,^1_Q]kK9-Neuber general solution [12] , and fAa VQagK9ъuY-Naghdi-Hsu general solution [13] . Wang has discussed the problems about these solutions' completeness and so on [14] . There is also some valuable research for plane problem, but it is a pity that a lot of classical solutions have adopted the assumption of ignoring the volume force in plane problem under polar coordinates [15] . Although the Kelvin particular solution [16] in general solution theory of elastic mechanics guarantees the possibility of solving elastic mechanics problem including volume force in principle, it is not convenient for use since the singular integral needs to be considered in the calculation because Newton potential has been used in the process of constructing Kelvin particular solution. The jAQi1-VicIASKekKSK plane general solution [17] , which was derived by using^1_Q]kK9-Neuber general solution, has a similar problem. This section will discuss this problem with stress as unknown and try to get an analytic stress solution of central symmetry plane problem which can be applied easily in elasticity.
The definition of central symmetry plane problem in this paper is given here. After taking the pole of the polar coordinates as the center and rotating the plane by any angle, if the mechanical model can be superposition perfectly with the original one, this problem can be called a central symmetry plane problem. In mathematics, it means that all the physical quantities are independent of . The difference between central symmetry and axial symmetry in elastic mechanics, specifically speaking, is that the volume force and the displacement can be nonzero in central symmetry problem, and so does shear stress = . Axial symmetry problem can be regarded as a particular case of central symmetry problem (Figure 1 ).
For central symmetry problem, all the physical quantities are only related to the radius, so = ( ), = ( ), and the partial derivative with respect to of all the functions will be equal to zero. So, the equilibrium equations and geometric equations in polar coordinates can be, respectively, simplified as
Here, = = , = = . The physical equations remain the same in the case of plane stress problem:
The stress compatibility equation is
For plane strain problem, it just needs to change to /(1 − 2 ) and to /(1 − ). For homogeneous problem where volume force = = 0, central symmetry changes to axial symmetry, and the general solution to the homogeneous form of (1) is
1 , 2 , and 3 are arbitrary constants and can be determined by the boundary condition.
Obviously, the general solution of (1) should be (5) plus a particular solution for the same equations, and the key point is to get the particular solution.
Change the first equation of (1) to
For plane stress problem, substitute the former equation into (4) and let
and finally we can get
The former equations are inhomogeneous, and the authors give a particular solution here directly by using variable upper limit integral and a construction method:
The appropriate choice of , in the above equation can guarantee that the integration process will not have singularity. Considering that (5) is the general solution of the corresponding homogeneous equation, the final normal stress solutions are as follows:
Considering that the second equation of (1) is a first-order Euler equation, the analytical solution can be got directly as follows:
Synthesizing (5), (10) , and (11) we may get the final general solutions of stress:
Here,̃can be determined by (9) and all the arbitrary constants can be determined by the boundary conditions ( 3 has been absorbed by the indefinite integral).
But it can be seen from (9) that the calculation needs to integrate twice to get the normal stress particular solution. When the form of radial volume force is very simple, the integration might get an analytical result. But if the form of the volume force is very complicated, the integration will be very difficult and has to use numerical calculation. Considering the normal stress needs to integrate twice, this solution can only show the numerical value on the point actually, and lots of numerical integrations are needed for stress value on every point. In order to get a solution which is much easier to be applied and enhance the calculation efficiency, we now derive a series solution.
Since all the physical quantities are only dependent on radius , one may expand and as Laurent Series in complex number field according to the power of and assume that , , and have the following form:
The coefficients in the volume force expansion here can be calculated by Cauchy integration in complex number field:
where Γ is a round contour whose center is on the pole and included in the calculation field. All the coefficients in the stress expansion are undetermined. Substituting the first formula into (7) and (9) successively, the normal stress particular solution of the form as (10) can be obtained. Comparing this particular solution with the third and fourth formulas in (13) we have
Here, ̸ = 0, −2, and
Substituting and in (13) into the second formula of (1), we have
Setting all the coefficients before the power of to zero we have
In principle, the second formula of (1) needs to be supplemented with a general solution: = 3 / 2 , where 3 is an arbitrary constant. So, the general solution for the shear stress is
Synthesizing (13), (15), (16) , and (19) and superposing (5), the general solution of the original equations can be found as
where 1 , 2 , and 3 are arbitrary constants and can be determined by the boundary conditions. Obviously, in order to use (20) , the Laurent expansion of the volume force is needed, and each term in the expansion needs numerical integration for only once. Compared with (9) and under the situation that the times of numerical integration are the same, (20) will give an approximate solution with some leading terms, but (9) can only give some point values. The advantage of (20) is prominent.
Three theorems about (20) will be given here.
Theorem 1. The normal stress is only related to the radial volume force and the shear stress is only related to the tangential volume force in the central symmetry plane elastic problem.
Proof. It only needs to let 1 = 2 = 3 = 0 in (20).
Theorem 2. If volume force is analytic in the complex domain, then (1) and (4) have solution (20).
Proof. According to the complex function theory, every function which is analytic in an annular domain can be expanded as Laurent expansion, so formula (20) can be derived by (13) .
Theorem 3. If the partial sums of ( ) and ( ) are bounded (may be not convergent), then (20) is convergent.
Proof.
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Assume that
,
When → +∞, there are three formulas about these factors:
They are all arrays monotonically decreasing and approaching zero as the limit. According to the Dirichlet discriminance [18] , (20) will be convergent if the partial sums of the infinite series in the first two formulas of (13) are bounded.
Notice. Even when the partial sums of ( ) and ( ) are unbounded, it is possible that formula (20) is still convergent. The following discussion is about the numerical value purely, such as
If = 1, it is obvious that the partial sums of the two volume force infinite series are not convergent, but the corresponding items in the three stress components are
These three stress series are convergent obviously. In addition, there are two points: firstly the strain and displacement components can be calculated by stress components; secondly, (20) can be generalized to the situation that the index of is not an integer in the volume force expansion. Since there is no principle difficulty in these two points, the discussion will be omitted here.
Stress Analysis of Pile Rotary Vibration
The rotary of a pile can be seen as a particular case in central symmetry plane problem in elasticity. In this section, it is attempted to get the analytic stress solution for pile rotary vibrations.
As mentioned before, for the pile foundation, the pile under the structure might have torsional vibration under earthquakes because of the uncertainty of the latter. This torsional effect will be strengthened if the superstructure is irregular. For the rigid friction pile, the source of its bearing capacity is the friction of pile-soil interface. Compared with end bearing piles, the constraint at the bottom of a fiction pile is very weak. Since the stiffness of the pile is very large, this paper assumes that the rotation phases of the pile top and the pile bottom are the same. The movement of the pile can be seen as the rotary vibration of the pile axis and this problem can be seen as a plane strain problem from a certain distance at both ends. This problem can also be seen as a central symmetry problem because all the physical quantities in rotary vibration are independent of . The radial and tangential acceleration in polar coordinates can be derived according to [19] 
Considering that will be given as an initial condition in the calculation in the following, is caused by ( is related to because of the centrifugal force), and the materials (concrete, soil) discussed in this paper have high modulus, this paper assumes that is far less than . Also, the calculation in the following limits the range of rotary angular frequency because of some approximation. As a result, we assume that
Taking the third formula of (3), the third formula of (2), and the second formula of (27) into the second formula of (1), we have
where = √ / . Assume that = ( ) ( ), and by using the method of separation of variables to solve (28) we can get
where 1 and 1 are the Bessel functions of the first and second kinds of the first order and is the rotary angular frequency. | =0 = 0, so 2 = 0. Since the two parts about the radius in the displacement component have arbitrary constants, we can assume that 1 = 1. So,
Considering the most general form, the solution of displacement should be the sum of = 1 , 2 , . . . , , . . .. In order to simplify the analysis process, this paper only uses (30) as the solution of the displacement, which means that the rotary vibration of the pile has only one certain frequency. We will use on behalf of pile and on behalf of soil in the following. Assume that the radius of the pile is 0 (here it considers solid pile), and we have | =0 = 0 in the center of the circle. When → 0, we have 1 ( ) → ∞, so 4 = 0. Let 3 = and obviously it has the meaning of something like amplitude ( will be called similar-amplitude in the following pages). The tangential displacement of the pile is
That means, although the radius of the pile under stationary state is a straight linear segment originally, it will become curved because of the effect of inertial force in the rotary problem (Figure 2 ). But the independent variables which make 1 get the first maximal value are 1.84; it means that the tangential displacement at the cross section of the pile still increases with the increase of the radius when the dimensionless independent variables of 1 , = / , do not exceed 1.84. So, the radius can be seen as a linear segment approximately under the situation that the angle of rotation is not large (the corresponding physical quantity is which has a similar physical significance) and the demand of accuracy is not much. The general precast concrete pile usually has a high (more than 2000 m/s). If we make = 0.5 m and = 1.84, the corresponding will be about 7360 Hz. So, in the rotary vibration of the whole pile, the deformation of the radius can be ignored when the numerical value of is in the range of 0∼7360 Hz. But if the actual numerical values of the physical quantities lead to the fact that the value of is more than 1.84, the rotary vibration of the pile can no longer be seen as rigid rotation because the maximal value of tangential displacement is inside the pile cross section, not in the outer edge.
In order to calculate the volume inertial force in the pile rotary problem, substitute (31) into (27):
If the stress is calculated with the integral solution of central symmetry plane problem mentioned above, then
Because this is a plane strain problem, here = /(1 − ). Obviously if we substitute the former formula into (9) to get a solution, the calculation will be very difficult. So, the series solution derived in this paper will be used here. For this purpose, the astringency of the volume force series solution needs to be considered. Since the radial volume force is expressed by the Bessel functions of the first kind of the first order, its infinite series form is
It is easy to know that this series is absolutely convergent in the whole field of real number. According to the Cauchy theorem [18] , some leading terms are taken to calculate , as follows:
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Substitute the former result into (20):
Stress solution should have no singularity in the origin:
If the soil around the pile is not considered, that is,
Since cos 2 ( ) ≤ 1, sin( ) ≤ 1, the maximal value of the stress during the time period is 
This is the final stress solution.
In the following example, the diameter of the pile is 600 mm ( = 0.3 m). The material of the pile is C30 concrete, and its shear modulus is about 1.25 × 10 10 Pa, its density is 2.5 × 10 3 kg/m 3 , and Poisson's ratio is 0.2. Taking circular frequency to be 50 Hz (the corresponding frequency = /(2 ) is about 7.96 Hz), we adjust the similar-amplitude and then calculate the stress. The results are shown in Figures  3∼5 .
According to Figures 3∼5, for the rotary problem of rigid pile, the normal stress is more sensitive to similar-amplitude than the shear stress. The reason is that, according to (38), the normal stress is proportional to 2 and the shear stress is proportional to . Noting that the value of is very small, the difference of numerical values between the normal stress and the shear stress can reflect the rationality of the assumption in the beginning of this section ( is far less than ) to a certain extent. Besides, when the rotary angular frequency is no more than 50 Hz, the normal stress of the pile will not exceed 6 kPa, and the shear stress is relatively large because the numerical value can be about 15 kPa. But the elasticity modulus of C30 concrete is very large (about 30 GPa), so the deformation of the pile is very small. As mentioned in the previous analysis that the pile radius can be seen as a linear segment approximately, we may safely draw the conclusion that the rotary motion can be seen as the rotations of rigid body. This conclusion is based on the ignoring of the soil around the pile. The modulus difference between soil and concrete is three orders of magnitude, and the order of magnitude of the stress is usually 10 4 Pa far from the degree which can make concrete appear obvious deformation. So, in the analysis of the next section, this conclusion will be used as a fundamental assumption, and the rationality of this assumption can be seen in the calculation results in the next section.
For comparison, the traditional torsional vibration theory of pile will be discussed here. Obviously, the existing theory of torsional vibration that takes the pile as a one-dimensional structural element is based on static torsional displacement form [20] , and it contains a basic assumption: the radius of the pile cross section maintains linear segment during the torsional vibration. Compared with the previous analysis of rotary problem, it can be seen that this assumption is appropriate only when the vibration frequency is low. But if the vibration frequency is high, the largest tangential displacement does not appear on the surface of the pile because of the effect of the inertial force and the bending of the original radius cannot be ignored any more. In this situation, if we still use the traditional torsional vibration theory, the calculation results might have large error. Although the specific quantitative analysis is very difficult, the rotary vibration solution can be consulted to some extent. If the dimensionless quantity / is bigger than 1.84, the traditional torsional vibration solution is no longer appropriate.
Stress Analysis for Soil around the Pile
Based on the conclusion above, the displacement of the pile will be given as a Dirichlet boundary condition for the soil around the pile, under the situation that the dimensionless quantity / is not larger than 1.84, in the soil stress analysis in this section.
Obviously, the movement of the soil around the pile meets (28), so its displacement has a form like that shown by (30). Since 1 and 1 are both infinite series, if we use the sum of 1 and 1 to calculate the Cauchy product of this sum's square, the process will be extremely complex. Noting that the value of that dimensionless quantity / is usually very small, the first-order approximate solution of 1 and the asymptotic solution of 1 can be written as [21] 1 ( ) ≈ 2 ,
So, (30) can be rewritten as
Assume that the radius of the pile is , the soil-pile interface will not be separated, the farthest influence area of rotary vibration of soil around the pile is = 1 (the soil outside = 1 is static), the maximum rotary angle is , and the circular frequency is . The boundary conditions are = = sin ( ) ,
Mathematical Problems in Engineering
According to the first two formulas of (41), we have
So,
Integrating (27), (30), and (42), we have
If we use the last formula of (38) to calculate the shear stress, the arbitrary constant 3 is not easy to determine. Since has already been calculated, we can use the third formula of (2) and the third formula of (3), (40), and (42) to get
It can be seen that (43) and (45) will change to the solution of the corresponding static problem if the time term sin( ) is taken away (it is a static problem; = = 0). It means that, without the time term sin( ), the tangential displacement and the shear stress are very close to the static solution if the value of the dimensionless quantity = / is very small (if radius and velocity are certain, rotary frequency should be very low).
By contrast, the normal stress calculation formula is more complicated. According to (20) , the normal stress in the soil is
where
where = /(1− ), that is, the same as in the third section of this paper. By the second formula of (2) and the third formula of (3), we have / = ( − )/ . For the same reason (plane strain problem), here = /(1 − 2 ). Here, the last two formulas of (41) can be rewritten as
In order to determine 1 and 2 , substituting (46) into (48), we have
Because cos 2 ( ) ≤ 1, when = 2 / ( is a negative integer), the normal stress distribution in the soil is
Because sin( ) ≤ 1, when = (2 + 0.5) / ( is a negative integer), the shear stress distribution in the soil is
If the scope of our investigation is the whole plane, 1 → ∞, the distribution of max has a maximal value (the absolute value is minimal value): max = −2 2 / 2 . Obviously, in the whole plane, the minimal value of the absolute value is at the point = and
In the following example, the diameter of the pile is 600 mm ( = 0.3 m). Assume that the shear modulus of the soil is about 2.5 × 10 7 Pa, its density is 2.5 × 10 3 kg/m 3 , Poisson's ratio is 0.2, and 1 = 2 m. Taking circular frequency to be 50 Hz (the corresponding frequency = /(2 ) is about 7.96 Hz), we adjust circular frequency and calculate the stress. The results are shown in Figures 6∼8.
According to Figures 6∼8, the normal stress is more sensitive to the maximum rotary angle than the shear stress. It is for the same reason as mentioned in the second section; the normal stress is proportional to 2 and the shear stress is proportional to . This difference also indicates that the assumption in the second section ( is far less than ) can also be used in this section. The physical meaning of the calculation results will be discussed here.
The normal stress will be analyzed first. It can be seen that in the soil-pile interface ( = 0.3 m) is always positive (tensile stress). When the circular frequency = 50Hz (corresponding frequency is about 7.96 Hz) and = 0.15, the numerical value of can exceed 4 kPa. If = 0.2, the value can be 10 4 Pa. This order of magnitude is already as much as the order of magnitude of the positive pressure stress in the soil-pile interface. And the value of will be about 15 kPa if = 0.25. Note here that the time extreme value of appears when = 2 / ( is nonnegative integer), and it is in the equilibrium position (not the situation in which angular displacement reaches its maximum value). This also means that, considering the complexity and randomicity of earthquakes, the actual displacement which is corresponding to the normal stress maximum value in the calculation results can be less than the displacement which was needed in the calculation process. At the same time, although the frequency in most earthquakes is very low (about 2∼10 Hz), considering the complexity and randomicity of earthquake, it is possible that a high frequency appears in a very short time; besides, the frequency used in stress calculation of this section is the instantaneous frequency, not the average frequency of the whole earthquake, and there might be a high frequency in a very short moment during the earthquake which has a low average frequency. At the same time, the rotary movement in this paper is a relative motion of pile and soil. Considering the superposition of the soil's absolute motion, both of the frequency and rotation angle might have a big peak value which will cause a big normal stress in a very short moment, although the absolute motion frequency of the pile is low. So, in an actual earthquake which has a low average frequency and a low maximum angular displacement, the order of magnitude of the normal stress could still reach 10 4 Pa, even higher.
On the other hand, the vertical bearing capacity of rigid friction pile is provided by the vertical friction in the soilpile interface, and the maximum friction force depends on the positive pressure stress in the soil-pile interface. The order of magnitudes of this positive pressure stress is usually 10 4 Pa when the depth is about 0∼20 m to the ground surface; this value is of the same order of magnitude as the positive tensile stress which was calculated in the previous analysis. It means that the tensile stress in the soil-pile interface caused by the centrifugal force will reduce the initial compressive stress in the soil-pile interface during the rotary movement. This will reduce the friction force in the soil-pile interface and then reduce the bearing capacity of the pile.
The shear stress is then analyzed in the following. In fact, the influence of the shear stress is more remarkable. From (41) and (45), it can be seen that the calculation in this section is analyzed approximately as the static problem under the situation that the rotary frequency is low. The direction of the shear stress is horizontal and on the soil-pile interface. The resultant force of the friction force which can be sustained in the soil-pile interface has its upper limit, and this upper limit is decided by the pressure stress in the soil-pile interface. Once the horizontal friction appears, the friction force which can be sustained in the vertical direction will be reduced. So, in the rotary movement, the horizontal shear stress can also reduce the pile's bearing capacity.
Besides, from a numerical point of view, the shear stress is much bigger than the normal stress in the soil-pile interface ( = 0.3 m). Even treating this problem as a static one and without considering the dynamic effect, according to (52), the numerical value of the shear stress in the soil-pile interface is not less than 2
. Considering that the order of magnitude of soil's shear modulus is usually 10 7 Pa, the shear stress will be more than 20 kPa, even if is only 0.1%. In the calculated example, according to Figure 8 , it can be seen that the shear stress will be more than 200 kPa, although the rotation angle is only 0.5%. If the rotation angle is 1.5%, the value of the shear stress can be more than 700 kPa. When the depth to the ground surface is in the range of 0∼40 m, this shear stress could exceed the shear strength of the soil in the overwhelming majority of cases. That means the soil-pile interface will fail. Not only is the fundamental assumption "the soil-pile interface will not be separated" not valid, but also the mechanism of action in which the friction in the soilpile interface provides the vertical bearing capacity to the pile is false. In this situation, the effect of the soil around the pile is close to lateral loading.
In addition, the following possibility must be considered here: if one pile lost its bearing capacity in a pile group foundation, the loading will be shared by the other piles. Even though the rotary movement ends and the normal stress in the soil-pile interface is recovered, the bearing capacity of this pile is hard to play.
Synthesize all the previous analysis: when the rotary vibration of rigid friction pile occurs, the initial positive pressure stress in the soil-pile interface will be reduced by the dynamic tensile stress which is of the same order of magnitude as the numerical value. That will make the vertical friction force hard to play and reduce the bearing capacity. Besides, the horizontal shear stress does not only weaken the vertical friction force, but also has a very large numerical value even though the rotation angle is very little. That will lead to the failure of the soil-pile interface. Pile will lose its bearing capacity and it is hard to be recovered.
Conclusion and Suggestion
Based on the previous analysis, this paper gives the following conclusions and suggestions.
Firstly, this paper tried to derive a stress series analytic solution of central symmetry plane elastic problem by using the Laurent expansion method, and three theorems about decoupling, generalized, and convergent properties have been proposed separately. Compared with the integral analytic solution which can only give the point value, this solution can not only give an analytic calculation formula, but also reduce the times of the numerical integration effectively in principle.
Secondly, this paper proposes the concept of "the rotary vibration of rigid friction pile. " For the general rotary vibration, the movement of the pile can be seen as rigid rotation when the dimensionless quantity = / is not bigger than 1.84. The displacement of the pile can be given as Dirichlet boundary condition in the calculation of movements of soil around the pile. But the radius of the pile should not be seen as a linear segment if / is bigger than 1.84. This may be of some reference value for torsional analysis of piles.
Thirdly, for friction pile foundation, if the earthquake might induce rotary movement of the superstructure, the bearing capacity of the pile of which the rotary movement might happen should be taken out in the calculation of the vertical bearing capacity (including the pile which is in the center of the rotary movement at least). For pile group foundation, the influence of this requirement may be not significant. But this influence might be very serious to the foundation of the building such as bridge pier or high-voltage transmission tower of which the number of piles is small.
Finally, for the rotary dynamic problem of rigid pile, it is suggested that the soil around the pile should be taken as lateral loading in the calculation if the soil-pile interface might be a failure.
The above is the conclusion in this paper. In addition, the method in the second section of this paper can also be used in the problem such as variable motion of revolved body or the stress analysis of the well wall. If we use the continuum soil model based on plane strain simplifying assumptions which was presented by Baranov [22] , this method can also be applied to the torsional stress analysis of rigid end bearing pile. The details will be introduced in another article.
